Highly purified skin-derived dendritic cells (SDDCs) isolated from swine skin by a simple novel method were cultured for 24 hours before independent or sequential inoculation with African swine fever virus (ASFV) and foot-and-mouth disease virus (FMDV). By avidin-biotin immunohistochemical staining, ASFV antigen was detected in 50% of SDDCs as early as 1.5 hours postinfection (HPI) and in 80% by 3 HPI when cytopathic effect was noted. Cell lysis was detected with FMDV infection as early as 8 HPI; immunostaining for FMDV antigen was found in 10% of the cells. African swine fever virus replication was detected by transmission electron microscopy in a high percentage of SDDCs by 11 HPI. Sequential infection with FMDV 3 hours after ASFV inoculation blocked FMDV infection. These findings demonstrate that both ASFV and FMDV infect dendritic cells of Langerhans cell type in vitro and ASFV interferes with FMDV infection.
African swine fever virus (ASFV) infects primarily cells of the mononuclear phagocytic system, including blood monocytes and macrophages in the lymph nodes, spleen, liver, lungs, kidneys, adrenals, placenta, and most other organs. 9, 17, [21] [22] [23] [24] [25] In preclinical African swine fever (ASF), reticuloendothelial cells in the lymph node paracortex have been shown by immunofluorescence to be infected with ASFV. 17, 18 These cells have recently been identified as interdigitating dendritic cells (IDCs), a cell type not previously described in the pig. 6, 8 In that study, ASFV antigen was detected in IDCs at 3 days postinoculation (DPI). The ASFV antigen was detected by avidin-biotin alkaline phosphatase (ABC-AP) immunohistochemistry, and cytoplasmic viral replication was identified by transmission electron microscopy (TEM). In the same study, expression of a specific IDC marker, S-100 protein, was found to be markedly suppressed by 3 DPI in the mandibular lymph node of ASFVinfected pigs. This suppression of S-100 persisted until death in acute ASF or for at least 14 days in pigs that recovered from subacute cases. 6 Dendritic cells are believed to be essential for the presentation of antigen to T cells in the primary immune response. 11 In a previous in vivo study, 7 the tigated. In pigs challenged with FMDV 3 days after inoculation with moderately virulent ASFV, the virus neutralization serologic response to FMDV was significantly less than that of controls. In most pigs infected with highly virulent ASFV, FMDV infection and serologic response to FMDV was blocked. 7 In guinea pigs, FMDV antigen has been detected in foot pad epidermal Langerhans cells at 1 DPI but not until 2 DPI in keratinocytes, suggesting that Langerhans cells are the primary target cell of FMDV. 5 Heterologous viral interference of FMDV infection by ASFV in vivo was suspected to be due to interference with initial FMDV infection of their target cells (Langerhans cells in the skin). 7 If ASFV infects Langerhans cells first, then FMDV infection may be blocked. Furthermore, if ASFV infects and depletes Langerhans cells and IDCs, primary antigen presentation may be abrogated, resulting in little or no immune response.
In this article, we describe methods developed for collection and cultivation of highly purified skin-derived dendritic cells (SDDCs) from pigs and present results of independent and concurrent infectivity studies using cell culture adapted ASFV and FMDV.
Materials and methods
ability of dendritic cells to stimulate an immune re-Animals. Normal Yorkshire crossbred gilts and barrows sponse to ASFV and present another primary antigen (50-125 kg) were anesthetized using 5 mg/kg Stresnil a intra-(to foot-and-mouth disease virus [FMDV]) was inves-muscularly (IM), followed in 10-15 min with 15 mg/kg ketamine HC1 IM. One pig was used for each of 3 complete replicates of these experiments.
From the Foreign Animal Disease Diagnostic Laboratory, Na--Skin collection. Under general anesthesia, the entire back 10 ml of sodium barbital solution d before manually collecting samples of skin 0.1-0.5 mm thick with a cryostat blade holder e and a disposable microtome blade. f Skin was collected from an area 0.25-0.5 m 2 (depending on the size of the pig). Skin sheets were immersed in MEM with 10% HAB in a l-liter beaker on ice for 1 hr. Sheets were rinsed in a series of 3 beakers, 2 containing MEM at 4 C and the third containing MEM with 3% HAB.
HAB solution. Each milliliter of a concentrated mixture of antibiotics contained 20,000 units penicillin, 20,000 mg streptomycin, 100 units polymyxin B sulfate, 1,000 units mycostatin, and 300 mcg gentamicin. Sterile sodium bicarbonate (7.5%) was used to adjust the pH to 7.4.
Tissue culture. Strips of skin were placed (epidermis up, without overlapping) in 10-cm petri dishes containing 15 ml MEM with 3% HAB. After overnight incubation in 5% CO 2 at 37 C, the skin tissue was gently removed and discarded. The SDDCs remained loosely attached to the petri dish and were flushed free with vigorous pipetting and pooled in 250. ml centrifuge bottles. Bottles were centrifuged at 1,000 x g for 30 min, and the pellet was resuspended in 7 ml supernatant. The remaining conditioned medium was saved.
Thoroughly disaggregated SDDCs were layered over metrizamide g (specific gravity = 1.077) in 6-50-ml glass tubes and centrifuged at 75 x g for 1.5 hr. Interface cells were resuspended in 5 volumes of filtered (0.22 µm) conditioned medium and pelleted at 1,000 x g for 15 min. Cells resuspended in 3.5 ml of medium were counted on cytocentrifuged slides and further diluted to 3 x 10 4 /ml. Total cell yield was 3-5 x 10 5 cells/pig. Infectivity studies. Cell suspension (0.2 ml) was added to each well of 8-chamber slides. h Two wells yielded 4 cytocentrifuge slide preparations or 1 sample for TEM. Collection times were at 0, 1.5, 3, 11, and 19 hr postinoculation (HPI). At 0 HPI, ASFV was inoculated into the medium, and at 3 HPI, FMDV was added; 1 set was inoculated with only FMDV for 8 hr. Uninoculated cells were collected at all collection times.
Viruses. For ASFV inoculations, a virulent Dominican Republic isolate (DR-2) of ASFV was propagated in Vero cell cultures, freeze-thawed twice, aliquoted, and frozen (-70 C). FMDV type O1 Bruge was isolated from bovine tongue vesicular fluid, passaged twice in primary bovine kidney cells and once in primary lamb kidney cells, and harvested in a similar manner. Both viruses were titered in duplicate 10fold dilutions in microtiter plates using Vero cells for ASFV and Mengling-Vaughn porcine kidney cells for FMDV. Both virus stocks had approximately 10 5 TCID 50 units/ml and were inoculated undiluted (0.1 ml/well), yielding a multiplicity of infection of 3.
Cell collection. At each collection, cells were vigorously resuspended by pipetting, cytocentrifuged on 0.1% poly-Llysine' (300,000 molecular weight)-coated glass slides, or pelleted in a microfuge for TEM. Slides were fixed and stored immersed at 4 C in paraformaldehyde-lysine-periodate fixative . 14 Samples for TEM were fixed in an equal volume of cold phosphate-buffered 2.5% glutaraldehyde. Two 0-HPI samples, used to quantitate cells, were fixed and stained using a modified Giemsa stain. j Biotinylated antisera. Hyperimmune antiserum to FMDV was produced in a steer by tongue inoculation at 1-mo intervals with types A5, O1, and SAT-2 FMDV. Hyperimmune anti-ASFV antiserum was produced in a pig with 4 inoculations at 1-2-mo intervals using 4 ASFV isolates in a sequence of increasing virulence (DR-2 twice followed by L-60 and Warthog isolates). Fifty percent saturated ammonium sulfate-precipitated immunoglobulin (Ig) adjusted to 10 mg/ ml Ig was biotinylated as described previously. 10 One milliliter of Ig in 1 ml 0.1 M NaHCO 3 was mixed with 1 mg biotin-amidocaproate N-hydroxysuccinimide ester i in 25 µl of dimethylformamide i in a glass tube with agitation. Following agitation for 2 hr at room temperature, the conjugate was dialyzed using 5 changes of phosphate-buffered saline (PBS) for 24 hr. Conjugates were diluted with an equal volume of 2% bovine serum albumin and 0.02% sodium azide and stored at -70 C. Both conjugates were titrated on infected cell culture chamber slides and had optimal staining at 1:500 dilution. Immunocytochemistry. Before staining, slides were rinsed in PBS briefly and in 2% glycine for 30 min at 20 C, followed by another wash in PBS.
For ASFV antigen detection, a 2% normal swine serum blocking step preceded biotinylated anti-ASFV antiserum (B-ASFV) overnight at 4 C. Bovine serum was used for blocking with FMDV antigen staining. The ABC-AP reagent k was prepared as per the manufacturer's instructions. Following washing, ABC-AP was applied for 1 hr at 37 C, and slides were washed again before adding a red substrate indicator. k This indicator was prepared as recommended, with the addition of 1 mM levamisole k to the diluent to block endogenous alkaline phosphatase activity. Slides were incubated for 45 min at 20 C, rinsed in water, and lightly counterstained with hematoxylin.
For S-100 antigen detection, blocking with 2% normal goat serum preceded overnight incubation at 4 C with rabbit anti-S-100 antibody 1 (diluted 1: 150). Secondary biotinylated antirabbit antiserum was prepared from a kit k as were subsequent ABC-AP reagents and the blue substrate indicator. k Incubations were carried out as outlined for ASFV and FMDV and counterstained with Harris's hematoxylin.'
For controls, normal rabbit antiserum was substituted for anti-S-100, and B-ASFV and biotinylated FMDV were applied to slides inoculated only with the other virus.
TEM. Ultrastructural examination for morphologic identification of SDDC and virus detection was done on cell pellets. These were osmicated, dehydrated with dimethoxypropane, i,19 and embedded in effapoxy. m Thin sections were stained with 3% uranyl acetate and 1% lead citrate and examined by TEM. n
Results
The results from the 3 replicates were essentially identical. Normal cells were stained and examined at 0 HPI. Cells were 93-98% SDDCs, and >90% of these appeared to be free of degenerative changes. Limited cell yield precluded additional viability studies. The SDDCs had deeply lobulated nuclear profiles, palestaining cytoplasm, and multiple short blunt cytoplasmic extensions (Fig. 1) . SDDCs stained for presence of ASFV antigen by the ABC-AP method with red substrate. Cells were cytocentrifuged on slide and lightly counterstained with hematoxylin. A. After 1.5 HPI with ASFV, approximately half of the SDDCs are stained red. B. After 3 HPI with ASFV, approximately 80% are positive for ASFV antigen and staining is more intense than at 1.5 HPI. C. After 19 HPI with ASFV and 16 HPI with FMDV, approximately 80% are stained for ASFV antigen. Some cells remain uninfected, whereas others are degenerate and have no nuclear staining. Cells in culture, viewed with an inverted phase contrast microscope, o were irregularly shaped, usually with 1-3 short cytoplasmic extensions that extended out about half the cell body width and slowly moved in a sweeping manner. Some SDDCs were found in close contact with 1 or 2 small lymphocytes or with dendrites intertwined with a few other SDDCs (Fig. 2) . The cytoplasm appeared homogeneous.
Following ASFV inoculation, cytopathic effect was noted as early as 1.5 HPI. Dendritic cells aggregated in large clumps and appeared granular by phase-contrast microscopy (Fig. 3) . In control cell preparations, about 20% of the cells lysed by the end of the experiment (19 hours) . Cell lysis was noticeably greater in all ASFV-infected wells. No cytopathic effect was noted following FMDV inoculation, but cell lysis was judged to be increased slightly (10%) over controls at 8 and 16 HPI.
With ASFV ABC-AP immunostaining, antigen was detected in about 50% of SDDCs by 1.5 HPI (Fig. 4A) , increased to about 80% by 3 HPI (Fig. 4B) , and only slightly more by 19 HPI (Fig. 4C) . Cytoplasmic staining intensity did not increase above that seen at 3 HPI.
Staining for S-100 on ASFV-infected SDDCs followed the reverse pattern. Nearly 100% of these cells stained at 0 HPI (Fig. 5A) . A moderate decrease was noted at 1.5 HPI that progressed to nearly complete loss of staining by 3-19 HPI (Fig. 5B) .
Compared with the number of SDDCs staining for ASFV antigen, FMDV staining was less dramatic. Eight hours after inoculation with FMDV, FMDV antigen was detected in about 10% of the cells, most of these being obviously necrotic cells with no nuclear morphology (Fig. 6A ). This staining was specific because it was absent from normal cells or SDDCs infected only with ASFV ( Fig. 6B) , even in similar necrotic cells. Staining for FMDV antigen was not found in any samples previously infected with ASFV.
By TEM, SDDCs at 0 HPI had numerous, thin organelle-free cytoplasmic extensions that were longer than those found on lymphocytes. Often, adjacent SDDCs and lymphocytes had close contacts between cell processes (Fig. 7) . The cytoplasm of SDDCs contained a moderate number of mitochondria, rough endoplasmic reticulum, a Golgi apparatus, and a few lysosomal granules and phagolysosomes. Endocytic vacuoles were sometimes present. The SDDC nuclei were deeply convoluted and highly pleomorphic, with marginated heterochromatin.
In all ASFV-and ASFV/FMDV-inoculated cells, most of the SDDCs were degenerate, having swollen mitochondria, vesiculated endoplasmic reticulum, nuclear swelling, and karyorrhexis. By 11 HPI, most cells contained a few hexagonal profiles of ASFV particles and often a focus of viral replication with empty or partially formed viral capsid structures (Fig. 8) . Cell degeneration and lysis was seen as early as 3 HPI with ASFV (the earliest TEM sample).
Cell lysis was also noted at 8 HPI with FMDV. No viral structures were detected, but at this stage of cellular degeneration, FMDV particles would be difficult to identify.
A few normal appearing SDDCs were found in all TEM samples up to 19 HPI. Other cells identified were lymphocytes, neutrophils, and a few keratinocytes, all of which seemed unaffected by either virus.
Discussion
In this study, SDDCs, with morphologic and immunostaining characteristics similar to Langerhans cells (LCs) or veiled cells, were highly purified from skin and cultured in vitro. Most SDDCs were highly susceptible to ASFV infection. A smaller subpopulation (about 10%) was susceptible to FMDV infection. Both infections appeared to cause cell lysis before 8-11 HPI. Infection with ASFV apparently blocked FMDV infection when cells were inoculated with FMDV 3 hours after inoculation with ASFV. Staining for S-100 was markedly suppressed after 3 HPI with ASFV, but suppression of S-100 staining was not detected in SDDCs following FMDV inoculation alone.
These results are very similar to in vivo results, in which most pigs with virulent ASF, inoculated with FMDV 3 days later, did not become clinically infected with FMDV and did not seroconvert to FMDV. 7 This was temporally correlated with suppression of S-100 expression by IDCs in lymph nodes after 3 DPI. 6, 8 Langerhans cells are often narrowly defined as dendritic cells of the skin that contain unique doublemembrane Langerhans granules 2 and are found in humans, guinea pigs, rabbits, rats, mice, 20 and cattle. 4 Swine SDDCs first described here have been so-called because they lack Langerhans granules, although other morphologic characteristics are similar. Studies in rabbits and rodents have shown that LCs readily leave the skin following antigen stimulation and migrate via lymphatics (as veiled cells) to the lymph node paracortex. There, they mature in a short time into IDCs 12,13 and present antigen to T cells. 11, 26 During this brief migration, LCs change dramatically. They lose their Langerhans granules, they reduce ATPase, Fc receptors, nonspecific esterase enzyme activity, and T6 antigen, and they become less phagocytic and pinocytotic. 20 With migration (or in vitro culturing for 24 hours), they increase major histocompatibility complex I and II expression and significantly increase membrane intercellular adhesion mo1ecules. 20 In general, LCs lose much of their ability to take up and process antigen and become better at binding to T cells and presenting antigen. 1 The SDDCs studied here are probably similar to cultured LCs in other species; perhaps more like IDCs than resident LCs in the skin. Swine IDCs were recently described in the mandibular lymph node. 6 The only other descriptions of dendritic cells in the pig are of veiled cells collected from dermal and intestinal lymphatics. 3, 14, 15, 27 These veiled cell studies mainly focused on their role in contact hypersensitivity reactions.
The interference of ASFV in FMDV infection in vivo is a most unusual finding. Even more interesting is that this interference can persist for up to 24 days in the pig without seroconversion, despite constant exposure to FMDV-infected pigs. 7 This period seems too long to be accounted for by interferon effects, particularly because interferon only acts briefly and cannot be restimulated for a few days. Some of these pigs were clinically near normal by 12-14 DPI with ASFV but still could not be infected with FMDV during the entire 24-day experiment.
An earlier study demonstrated FMDV antigen in LCs of the guinea pig foot pad at 24 HPI, a full 24 hours before keratinocyte infection 5 suggesting that LCs may be the primary target cell of FMDV in the skin. The mechanism of ASFV uptake by dendritic cells is likely different than that of FMDV uptake because all cells of the mononuclear phagocytic system, including dendritic cells, are susceptible to ASFV infection, whereas FMDV does not seem to infect most macrophages. We hypothesize that a generalized depletion of SDDCs by ASFV may eliminate the target cells in the skin necessary for initial FMDV infection. Because in most species repopulation of LCs is slow, taking about 3 weeks, pigs may be refractory to FMDV infection until the skin is repopulated with susceptible dendritic cells.
